The translational GTPases hydrolyze GTP on the ribosome at several stages of the protein synthesis cycle. Because of the strong conservation of their catalytic center, these enzymes are expected to operate through a universal hydrolysis mechanism, in which a critical histidine residue together with the sarcin−ricin loop of the large ribosomal subunit is necessary for GTPase activation. Here we examine different possible pathways for GTP hydrolysis by EF-Tu through extensive computer simulations. We show that a conformational change of the peptide plane preceding this histidine has a decisive effect on the energetics of the reaction. This transition was predicted earlier by us and has recently been confirmed experimentally. It is found to promote early proton transfer from water to the γ-phosphate group of GTP, followed by nucleophilic attack by hydroxide ion. The calculated reaction energetics is in good agreement with available kinetic data, for both wild-type and mutant versions of EF-Tu, and indicates that the latter may enforce a change in mechanism toward more concerted pathways. P rotein synthesis on the ribosome requires the hydrolysis of GTP at several stages of the translation cycle, such as initiation, peptide elongation, ribosome translocation, termination, and ribosome recycling.
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ABSTRACT: The translational GTPases hydrolyze GTP on the ribosome at several stages of the protein synthesis cycle. Because of the strong conservation of their catalytic center, these enzymes are expected to operate through a universal hydrolysis mechanism, in which a critical histidine residue together with the sarcin−ricin loop of the large ribosomal subunit is necessary for GTPase activation. Here we examine different possible pathways for GTP hydrolysis by EF-Tu through extensive computer simulations. We show that a conformational change of the peptide plane preceding this histidine has a decisive effect on the energetics of the reaction. This transition was predicted earlier by us and has recently been confirmed experimentally. It is found to promote early proton transfer from water to the γ-phosphate group of GTP, followed by nucleophilic attack by hydroxide ion. The calculated reaction energetics is in good agreement with available kinetic data, for both wild-type and mutant versions of EF-Tu, and indicates that the latter may enforce a change in mechanism toward more concerted pathways. P rotein synthesis on the ribosome requires the hydrolysis of GTP at several stages of the translation cycle, such as initiation, peptide elongation, ribosome translocation, termination, and ribosome recycling. 1, 2 These GTP hydrolysis reactions are catalyzed by the translational GTPases (trGTPases), which are auxiliary protein factors that are needed for efficient protein synthesis. For example, in bacteria elongation factor Tu (EF-Tu) delivers aminoacyl-tRNAs (aa-tRNA) to the ribosome in a ternary complex with GTP, and the subsequent hydrolysis reaction is triggered upon correct mRNA−tRNA codon− anticodon matching. This then causes the aa-tRNA to donate its amino acid to the growing peptide chain. To effect translocation of the ribosome along the mRNA, elongation factor G (EF-G) also binds to the ribosome in its GTP-bound state. This association event likewise causes the hydrolysis reaction to occur, which in turn moves the last tRNA along with the mRNA from the hybrid A/P state to the P/P state, thereby vacating an empty ribosomal A site with a new codon being presented. The translational GTPases are expected to operate through a universal GTP hydrolysis mechanism due to the strong conservation of their catalytic center, where particularly the histidine residue of the universally conserved PGH motif is the key to GTPase activation. 3, 4 The histidine side chain changes its conformation upon binding of the trGTPases to the ribosome, because of its interaction with the critical sarcin−ricin loop (SRL) of the large (50S) ribosomal subunit. This leads it to fall into place for coordinating a water molecule that subsequently attacks the γ-phosphate of GTP ( Figure 1 ). 4−7 There thus appears to be a common mode of binding of the G-domain of all trGTPases to the ribosome, and the active GTPase conformation is achieved only after interaction with the SRL has been established. 4−7 The mechanism of GTP hydrolysis on the ribosome has been subject to some debate, in particular with regard to the possible role of the histidine as a general base in the reaction. 8 , 9 Rodnina and co-workers 3 showed that the histidine residue, His84, in EFTu (Escherichia coli EF-Tu numbering will be used throughout this paper) is critical for catalysis, and that its substitution by alanine reduced the hydrolysis rate by a factor of >10 6 . The first crystal structure of a trGTPase bound to the ribosome in its activated conformation (obtained with the nonhydrolyzable GTP analogue GDPCP) showed His84 coordinating a water molecule in a seemingly favorable orientation for nucleophilic attack on the γ-phosphate 4 ( Figure 1a ). This led Voorhees et al. to the natural suggestion that the imidazole side chain would activate the hydrolytic water by abstraction of one of its protons. 4 As demonstrated by Liljas et al., 8 the situation is more complicated than it initially appears, because the coordination geometry of the water molecule clearly indicates that one of its protons is engaged in a hydrogen bond with the carbonyl group of Thr61. It is also evident that one proton resides between the water molecule and the nearest oxygen of the γ-phosphate, as this distance is very short. This is further reinforced by three recent crystal structures of EF-G bound to the ribosome in its active conformation, 5−7 all of which show the water−γ-phosphate oxygen distance to be significantly shorter than that between the water and the His84 ND1 atom. Hence, if there also is a proton bridging His84 ND1 and the water molecule, the histidine is likely to be doubly protonated, because its NE1 atom must be protonated, because of the interaction with the anionic SRL phosphate (Figure 1a) . The situation described above thus casts some doubt on the His84 general base mechanism, and indeed, earlier free energy calculations by us showed that (ground state) proton transfer from the catalytic water to His84 is strongly disfavored because of electrostatic repulsion between the resulting hydroxide ion and the γ-phosphate. 10 Another problem with the His84 general base mechanism is that the reaction shows no pH dependence in the pH range (6−8.5) in which a histidine side chain is expected to normally ionize, with either GTP or its analogue GTP-γ-S as the substrate. 3, 11 Taken together, these results strongly suggest that the catalytic reaction does not involve proton transfer with His84. Instead, the structural, biochemical, and computational results indicate that the histidine is positively charged once it has reached the active conformation. In fact, both our calculations and those of others 10, 12 predicted that the histidine pK a is upshifted to >9 because of the presence of several proximal negative charges (Figure 1a) , which would explain the insensitivity to pHs below this value. The earlier calculations by us 10 and Adamczyk and Warshel 12 predicted that the reaction may plausibly involve direct attack by water on the γ-phosphate dianion via a substrate-assisted mechanism (transfer of proton to phosphate) and is facilitated by either direct 10 or indirect ("allosteric") electrostatic interactions 12 caused by the charged His84. A somewhat different mechanism was proposed by Aleksandrov and Field, based on quantum mechanics/molecular mechanics (QM/MM) calculations, 13 where the rate-limiting step instead involves attack of water on the protonated γ-phosphate (monoanion) with the neutral form of His84 acting as a general base. This scenario is not incompatible with the observed pH independence because His84 was assumed to be protonated in the reactant state. However, instead of having an intermediate hydroxide ion state, resulting from the transfer of a proton from water to phosphate, a proton was predicted to be shuttled from and to His84 in the different reaction steps ( Figure S1 , scheme vii, of the Supporting Information). 13 To further complicate the mechanistic picture, recently determined crystal structures of the GTP-bound forms of the free eukaryotic and archaeal EF-Tu homologues eIF5B and aEF1A clearly show that a monovalent cation is bound between the β-and γ-phosphates.
14 It was argued that this ion cannot be observed with the GTP analogue GDPCD or GDPNP that had been used to obtain crystallographic complexes with the ribosome, as these analogues disrupt the ion coordination. Hence, if such a monovalent cation is indeed present also in the activated state on the ribosome, it could potentially affect the energetics of the catalytic reaction.
To try to reliably resolve the detailed energetics of catalysis by the trGTPases on the ribosome and compare various plausible competing pathways, we have performed a large number of independent computer simulations of possible reaction mechanisms for GTP hydrolysis by activated EF-Tu bound to the bacterial ribosome. These simulations involved both regular free energy calculations between different well-defined states as reported previously 10 and simulations of different reaction mechanisms, utilizing the empirical valence bond (EVB) approach. 15, 16 We have further examined the effect of different EF-Tu mutations, different protonation states of His84, and the presence of the monovalent cation discussed above.
■ MATERIALS AND METHODS
MD Simulations. All MD simulations were performed as reported previously 10, 17 with the MD package Q, 18 utilizing the OPLS-AA force field (Macromodel 9.1, Schrodinger LCC, New York, NY). 19 Spherical simulation systems (40 Å in diameter) centered on the γ-phosphorus atom of GTP were used after solvation by a TIP3P water droplet of the same size. All protein and RNA atoms outside the simulation sphere were tightly restrained to their initial coordinates with a force constant of 200 kcal mol −1 Å −2 and excluded from nonbonded interactions. A restraint of 10 kcal mol −1 Å −2 to the initial coordinates was applied to solute atoms within the outermost 2 Å shell of the spherical systems. Water molecules close to the sphere boundary were subjected to radial and polarization restraints according to the SCAAS model. 18, 20 Initial coordinates were taken from our previously reported equilibrated simulation system. 10 These were based on the crystal structure of the ribosome-bound EF-Tu ternary complex 4 [Protein Data Bank (PDB) entries 2XQD and 2XQE] that contains no ions or water molecules (with the exception of the catalytic water and GTP-bound Mg 2+ ion), complemented by interior solvent molecule positions from two high-resolution structures of free EF-Tu ternary complexes (PDB entries 2C78 and 1EXM). 21, 22 Also, a structurally important K + ion ligated by Asp50 and Glu55, identified earlier in these structures, 10 was included in our simulations. Mg 2+ counterions placed at electrostatic potential minima were added to the system, and charged groups <5 Å from the simulation boundary were neutralized as described previously 23 to prevent insufficiently screened charges from exerting an unphysical influence on the system. RNA backbone phosphate charges in this region were also neutralized by counterion smearing. As noted earlier 10 and discussed further below, this simulation system predicted stable Mg 2+ ion positions that were found to coincide well with crystallographically observed electron density peaks. 4, 5 Importantly, it also showed convergence of the backbone conformation of the critical PGH motif to that observed in the high-resolution structures of free EF-Tu ternary complexes 21, 22 and also subsequently seen in recent structures of activated EF-G (Figure 2 ). 5, 6 The MD simulations were conducted using a 1 fs time step, in combination with the SHAKE procedure 24 for solvent bonds and angles. A 10 Å cutoff was employed for direct nonbonded interactions, with electrostatic interactions beyond the cutoff treated by the local reaction field multipole expansion method. 25 No cutoff was applied to nonbonded interactions involving the central part of the system that is treated by the EVB model (i.e., the triphosphate moiety of GTP, the hydrolytic water molecule, and the side chain of His84). A large number of MD simulations were conducted for different reaction mechanisms and EF-Tu mutants (see Results), where the free energy perturbation (FEP) umbrella sampling method was used to drive the system between the different EVB states. 15, 16 Each such simulation consisted of an equilibration phase with stepwise heating from 1 to 300 K with the gradual release of restraints on heavy solute atoms, followed by 800 ps of unrestrained equilibration at 300 K. Each system was then subjected to 1.1−2.2 ns of production phase MD for calculations of free energy profiles, which comprised 21 intermediate FEP windows. Four to eight replicate simulations were performed for each system with randomized initial velocities reassigned during equilibration according to the Maxwell distribution. EVB Models. The different possible reaction mechanisms considered here were described by the EVB method 15, 16 and are shown in Figure 3 and Figure S1 of the Supporting Information, where the valence bond states involved in each case are indicated. Calibration of the EVB reaction surfaces followed the standard procedure 16, 26 and involved running MD/FEP simulations for each of the mechanisms in a water sphere (also 40 Å in diameter), using the same protocol that is described above for the ribosome simulations. From these calculations, the EVB specific calibration parameters (i.e., off-diagonal Hamiltonian matrix elements and gas phase energy shifts between EVB states) 16, 26 were determined by fitting the resulting free energy profiles to available information for the solution reactions. The relevant EVB parameters used in this work, as well as atomic charges for the nonstandard phosphate moieties, are provided in Figures S1 and S2 of the Supporting Information. The reaction free energy for the transfer of a proton from the nucleophilic water molecule to the γ-phosphate is obtained from the relationship ΔG PT 0 (aq) = 2.303RT[pK a (donor) − pK a (acceptor)], which yields a ΔG PT 0 of 12.2 kcal/mol based on pK a values of 6.7 and 15.7 for GTP and water, respectively. The corresponding activation barrier can be accurately estimated from experimental linear free energy relationships between proton transfer rates and donor−acceptor pK a differences, 27, 28 which in our case yields an activation barrier (ΔG ⧧ ) of 15.7 kcal/ mol. For calibration of the barrier for the attack of OH − on the γ-phosphate monoanion (Figure 4a,b) , the most relevant experimental data pertain to the corresponding attack on phosphate diand triesters with aryl leaving groups. 29, 30 Here, two important effects influence the reaction rate. The first is neutralization of the phosphate charge, as seen by comparing the di-and triester rates, and this corresponds to a decrease in the activation barrier of ∼4.6 kcal/mol. 29, 31 This is relevant to our case because the strongly bound Mg 2+ ion effectively neutralizes the single β-and γ-phosphate negative charges of protonated GTP. The second effect is due to protonation of one of the γ-phosphate oxygens, which allows the resulting hydroxyl group to interact favorably (via hydrogen bonding) with the incoming nucleophile and/or departing leaving group. Via comparison of the experimental hydrolysis rates for methyl-2,4-dinitrophenyl phosphate and the (protonated) monoanion of 2,4-dinitrophenyl phosphate, 29 this effect can be seen to reduce the activation barrier by as much as 2 kcal/mol, even for a neutral water nucleophile. Earlier quantum mechanical calculations including solvation effects yielded an even larger effect of H-bonding and predicted the barrier for attack of OH − on neutral methylphosphate to be as low as 13 kcal/mol at (approximately) a 1 M standard state. 32 While this with EF-G (magenta 5 and orange 6 carbons), the predicted MD structure (cyan carbons) of the activated EF-Tu complex, 10 and a high-resolution structure of the (inactive) free ternary complex of EF-Tu (green carbons). 21 The catalytic water molecule (if observed) is colored accordingly. (b) Calculated 2F o − F c electron density from experimental structure factors 5 around the catalytic histidine residue, where the carbonyl group of the preceding glycine is marked with an arrow (the calculated density for ref 6 shows a similar characteristic carbonyl bump).
could be an underestimation, it likely provides a lower bound for the free energy barrier. An upper bound is provided by the experimental rate of attack of OH − on the methyl-2,4-dinitrophenyl phosphate monoanion, lacking both the charge neutralization and H-bonding effects, for which the barrier is 22.2 kcal/mol at a 1 M standard state. 29 Hence, considering both of the effects mentioned above, the rates of attack of OH − on the triesters provide a reasonable estimate for our reference reaction. These have been given for both aryl esters of cyclic and noncyclic dialkyl phosphates, 29, 30 and the corresponding free energy barriers are 17−18 kcal/mol at a 1 M standard state of the nucleophile. We will thus use a value here of 17.5 kcal/mol, which is also the average of the lower and upper bounds discussed above, and this then yields an overall barrier of 12.2 + 17.5 = 29.7 kcal/mol for the hydroxide mechanism and a corresponding predicted rate of 2 × 10 −9 M −1 s −1 at 300 K. The neutral water mechanisms considered here involve both concerted and stepwise GTP hydrolysis pathways, as well as associative and dissociative variants (Figure 4c−f and Figure S1 of the Supporting Information). These mechanisms were all calibrated to an overall barrier of 27 kcal/mol at a 55 M standard state of water according to the linear free energy relationship reported in ref 33 . This is also the same reference value used by Adamcyk and Warshel in their calculations. 12 The similarity in barrier heights for these different neutral water mechanisms is further supported by quantum mechanical calculations on the hydrolysis of Mg 2+ -monomethyl pyrophosphate, with a leaving group pK a (6.5) similar to that of GDP. 34 For putative mechanisms with transient high-energy intermediate states, these were generally modeled as symmetrical processes with the intermediate just a few kilocalories per mole below the flanking barriers. For the stepwise associative mechanism with late proton transfer to phosphate considered in ref 12 (Figure 4d) , we used the same calibration as reported therein, again with an overall barrier of 27 kcal/mol at the 55 M standard state. Finally, the activation free energy barrier of the general base mechanism (Figure 4g ), in which neutral His84 assists the attack of water on the γ-phosphate monoanion, was estimated to be reduced by 3 kcal/mol, yielding a ΔG ⧧ of 24 kcal/mol, in accordance with the observed effect of protonation on the hydrolysis of p-nitrophenyl phosphate 33 as well as pyrophosphate. 35 The calibration strategy described above for the uncatalyzed solution reaction mechanisms is thus aimed at using consensus values for the overall activation free energy barriers, which are all close to the value of 27 kcal/mol derived from experimental measurements. 12, 33 The exceptions are the hydroxide and general base mechanisms, which have slightly higher and lower barriers, respectively. Hence, while there is naturally some uncertainty with regard to the detailed energetic differences between different uncatalyzed reaction pathways, it turns out that the effects of the ribosome EF-Tu environment on the different pathways are very clear-cut, and therefore, their feasibility can be unambiguously judged from the MD/EVB simulations.
Electron Density Calculations. To more closely examine the experimental support for the backbone conformation of the PGH motif observed in recent ribosome-bound EF-G structures (Figure 2) , 5, 6 electron density maps were calculated using standard procedures. The split PDB coordinate files (4JUW and 4JUX, 5 and 4BTC and 4BTD 6 ) and the structure factor data were downloaded from the PDB. For each structure, the coordinate files were hand edited to produce one large coordinate file, and a structure factor calculation was conducted using a bulk solvent correction and isotropic scaling 36 with the Phenix system. 37 The σ A -weighted (2m|F o | − D|F c |) electron density maps 38 were calculated within Phenix.
■ RESULTS
Analysis of New Relevant Crystal Structures. Since the publication of the first crystal structure of activated EF-Tu bound to the 70S bacterial ribosome in 2010, 4 several recent structures of activated complexes with EF-G have also been reported. 5−7 Two of these new structures now have a few extra Mg 2+ ions included in the crystallographic model, and it is noteworthy that the two Mg 2+ ions predicted earlier by us 10 have been confirmed experimentally. 5, 6 One of these is in a region (between Asp21 and the A2662 phosphate) where it contributes to neutralization of negative charge near the reactants. In fact, counting the charges in the active site region of the complex shows that the electrostatics is perfectly balanced (i.e., a neutral active site) with His84 being protonated (Figure 1a) . Considering the short distances between the catalytic water molecule and the γ-phosphate, His84, and the carbonyl group of Thr61 in all available structures, 4−7 the logical conclusion is that each of these three interactions with the water oxygen is bridged by a proton. There are thus basically three possible charge states that best explain the crystal structures (Figure 1b) : (1) a γ-phosphate dianion, neutral water, and protonated His84, (2) a γ-phosphate monoanion, neutral water, and neutral His84, and (3) a γ-phosphate monoanion, hydroxide ion, and protonated His84. The energetics of these different possible charge states is, of course, considerably important for the actual chemical reaction mechanism as will be discussed below.
However, there is also another feature of the new crystal structures of activated EF-G complexes that appears to be of major importance. Two of these structures 5, 6 now show the backbone of the invariant PGH motif in a conformation significantly different from that determined previously, 4 with the peptide plane preceding the histidine residue flipped by ∼90° (  Figure 2a ). This new backbone conformation is essentially identical to that found in high-resolution structures of free ternary complexes with nonhydrolyzable GTP analogues. 21, 22 Also, as reported earlier by us, 10 MD simulations repeatedly converged to this structure (Figure 2a) , which with the protonated histidine side chain strongly stabilizes negative charge at the center of this "anion hole"-like structural motif. Such stabilization pertains both to a possible hydroxide ion, resulting from the transfer of a proton to the γ-phosphate, and to the inorganic phosphate product. 10 Hence, while this peptide flip is not discussed in either of the structural reports 5, 6 and may seem to be a minor detail of these large structures, we would argue that it could be of considerable importance for the actual mechanism of GTP hydrolysis. That is, as a result of this flip, a large additional dipole of ∼4 D is now positioned with its positive end directly interacting with the catalytic water molecule. Thus, computer simulations based on the "old" conformation would be expected to yield different energetics if they do not capture this apparently crucial conformational change, as is verified below. The fact that our earlier MD simulations 10 did predict the transition thus lends further support to their validity in our opinion.
The new conformation of the translational GTPase active site thus makes sense from a catalytic point of view and because it agrees with that observed in structures of free ternary complexes. It actually renders structural rearrangements within the G-domain minimal upon activation and basically restricts these to the histidine side chain. Furthermore, the conformation is now clearly supported by the electron density maps (Figure 2b ) and also has a more usual peptide plane orientation as indicated by the pep-flip measure, 39 which is reduced from 2.71 to 1.83 Å. The φ and ψ angles of the histidine residue now have normal values of −68.5°and 150.5°, respectively, while in the earlier EF-Tu structure 4 (as well as in the EF-G structure of ref 7) , they are in a disallowed region (41.1°and −166.5°, respectively).
Energetics of Different Possible Reaction Mechanisms. We have used the empirical valence bond (EVB) method 15, 16 to evaluate the energetics of different reaction schemes, with configurational sampling by molecular dynamics (MD) simulations. These reaction schemes are summarized in Figure 3 and Figure S1 of the Supporting Information. Free energy profiles (potentials of mean force) along the reaction paths were obtained with the free energy perturbation (FEP) umbrella sampling approach, as described extensively elsewhere. 16, 26 In addition to these reaction path simulations, we also assessed the EVB results for some of the key intermediate charge states with regular FEP calculations as reported previously. 10 There are three main classes of mechanisms for the GTP hydrolysis reaction that have to be considered. These are (1) those that involve early proton transfer (PT) to the γ-phosphate, resulting in subsequent nucleophilic attack on the γ-phosphate monoanion by hydroxide (Figure 3 , paths i and ii), (2) mechanisms that involve neutral water attack and later PT to the γ-phosphate dianion, which can be either concerted or stepwise (paths iii−vi), and (3) general base mechanisms involving PT to neutral His84, which again can have either concerted (path vii) or stepwise character. Note also that there is clearly no room in the crystal structures 5, 6 for mechanisms involving two water molecules, where one may assist the other by general base catalysis and eventual PT to the phosphate.
Early PT Mechanisms. Our earlier free energy calculations of the activated EF-Tu complex on the ribosome showed that the hydroxide ion state is significantly stabilized because of strong hydrogen bonding with the conserved PGH motif and the favorable electrostatic interaction with the positively charged His84. 10 This stabilization also completely vanished when His84 was either deprotonated or moved to its inactive conformation. We have further the refined the energetics of the putative hydroxide ion state by additional longer MD/FEP simulations and by considering protonation of each of the possible phosphate oxygens for the γ-phosphate monoanion, both in the ribosome complex and in solution. It is clear that protonation of the O3 phosphate oxygen is most favorable, and the current best estimate for the free energy stabilization of the hydroxide state, relative to the corresponding PT from water to phosphate in solution, 10 is ΔΔG PT = −8.3 ± 0.6 kcal/mol. With an estimated free energy cost (ΔG PT wat ) from pK a values of 12.2 kcal/mol for the solution process, this yields a predicted free energy of the hydroxide ion state that is <4 kcal/mol above the presumed resting state with the dianion, neutral water, and protonated His84.
EVB simulations of the actual proton transfer reaction from water to phosphate yield a similarly strong stabilization of the hydroxide ion state (Figures 4a and 5) , with a free energy profile that does not involve a high barrier and where the product state of the PT step is only 3.6 kcal/mol above the reactant state. Hence, PT from water to the γ-phosphate is facile and the hydroxide ion state strongly stabilized, as evidenced by two different types of calculations. As discussed further below, this effect originates mainly from favorable interactions with the PGH motif, where the correct conformation of its backbone is clearly important. As reported earlier, MD simulations of the hydroxide ion state spontaneously convert to the correct backbone conformation even if they are initiated from the flipped backbone structure. 10 We also quantified the effect of the incorrect backbone conformation of the PGH motif by restraining it to the corresponding original structure, 4 and the result is a ΔΔG PT of −2.6 ± 0.5 kcal/mol. That is, the hydroxide ion state is destabilized by almost 6 kcal/mol because of the wrong backbone conformation.
Starting from the intermediate hydroxide ion state resulting from PT to the γ-phosphate, we examined both concerted (path i) and stepwise (path ii) phosphoryl transfer between the leaving group and nucleophile. It can be seen from the free energy profiles in panels a and b of Figure 4 that the transition state for the concerted mechanism is predicted to be ∼2 kcal/mol lower than for the stepwise process that involves a transient high-energy pentavalent phosphorane intermediate. The free energy barrier for concerted hydroxide attack is predicted to be 11.1 kcal/mol, which with the above estimate of 3.6 kcal/mol for the initial PT step yields an overall reaction barrier of 14.7 kcal/mol. It can be noted that this prediction is in good agreement with the available experimental data, 3, 11 and the overall catalytic effect corresponds to a barrier reduction of ∼15 kcal/mol compared to that of the uncatalyzed reaction. A representative MD snapshot of the transition state ensemble for this mechanism is shown in Figure 6a .
Neutral Water Attack Mechanisms. We further examined a number of different types of mechanisms that involve water (rather than hydroxide) attack on the γ-phosphate dianion (paths iii−vi), and the corresponding free energy profiles are summarized in Figure 4c −f. The most favorable of these reaction pathways (iii) turns out to be the concerted water attack reported by Adamczyk and Warshel (their calculations gave a barrier of ∼18 kcal/mol for both the concerted and stepwise paths). 12 However, our calculations yield a more favorable barrier for this concerted mechanism when His84 is uncharged, in which case the activation free energy is 19.6 kcal/mol (Figure 4c However, it seems clear from our simulations that this mechanism cannot compete with the hydroxide ion pathway discussed above. The stepwise associative mechanism with late PT to phosphate, 12 involving a pentacoordinated intermediate in which the nucleophile retains both its protons (path v), was also considered here. These calculations were again conducted with both protonation states of His84, and the corresponding reaction free energy profiles give activation barriers of 25.7 and 22.5 kcal/mol with the charged and uncharged histidine, respectively (Figure 4d) . That is, again we find that this type of mechanism is more favorable with the neutral His84, but the barrier is too high compared to experiment. 3, 11 We further examined mechanisms with stepwise attack of neutral water on the γ-phosphate for the two limiting cases (paths iv and vi) in which either a pentavalent phosphorane intermediate with complete PT from the nucleophile (Figure 4e ) or a dissociative metaphosphate-like intermediate is transiently formed (Figure 4f ). For the former associative pathway, which has a −2 charge on the phosphorane intermediate, the predicted free energy barrier is 25 kcal/mol (with protonated His84) and thus somewhat higher than that of the fully concerted variant. The dissociative pathway has axial P−O bond lengths of 2.4−2.5 Å in the TS and little charge development on the nucleophile, but considerable charge transfer to the leaving group. Here, the obtained activation free energy is 23 kcal/mol with neutral His84 and 1 kcal/mol higher when the histidine is charged (Figure 4f) . These results can be summarized in such a way that, because the neutral water attack mechanism transition states do not involve any significant charge movement to the right in Figure 1 (i.e. , toward His84), the otherwise advantageous effect of the protonated histidine (see above) basically goes away. In particular, transition states that mainly involve separation of one negative charge between the β-and γ-phosphates are not stabilized very much in the ribosomal complex. Hence, the neutral form of His84 works just as well as the protonated form for these types of mechanisms, and the favored path then tends to become concerted because there is no distinct stabilization of high-energy intermediates.
General Base Mechanisms. The general base mechanism proposed originally by Voorhees et al., 4 in which neutral His84 assists attack of water on the γ-phosphate dianion, seems to ruled out by the fact that all calculations predict a significantly increased pK a of His84 in the ribosome complex. 10, 12, 13 Furthermore, our earlier work showed a huge destabilization of proton transfer from water to neutral His84 in the presence of the γ-phosphate dianion. 10 This would mean that the resting state on the ribosome has the histidine doubly protonated, which is natural in view of the presence of several negative charges in its immediate vicinity. Our earlier calculations 10 predicted a pK a of 9, while Adamczyk and Warshel obtained a value of 11. 12 The prediction from Aleksandrov and Field of a pK a of 17, with the force field used also in their reaction calculations, 13 seems more unrealistic but clearly indicates a shift in the same direction. However, the latter authors suggested another type of general base mechanism in which a proton is first relayed from the biprotonated His84 via the catalytic water molecule to the γ-phosphate, effectively resulting in a state with neutral His84 and a γ-phosphate monanion. The subsequent attack of water on the protonated phosphate would then be assisted by general base catalysis resulting in proton transfer back to His84 (Figure 3 and Figure S1 of the Supporting Information, path vii). It should, however, be pointed out here that the energetics obtained in ref 13 generally appears to be somewhat uncertain. Not only is a His84 pK a shift of >10 units unrealistic, but their activation barrier obtained for water attack on the γ-phosphate dianion of ∼45 kcal/mol must also be way off, as it by far exceeds the corresponding barrier for uncatalyzed GTP hydrolysis. As discussed by Warshel and co-workers, 40 using only QM/MM potential energy calculations along selected reaction paths, without configurational sampling or actual free energy calculations, may be a likely explanation for the energetics obtained in ref 13 .
Nevertheless, it is interesting to examine the energetics associated with a general base-assisted mechanism for attack of water on the protonated phosphate group, because this appears as a distinct possibility in view of the fact that the normal (unshifted) pK a values of GTP and histidine are more or less equal. That is, one would expect that the state with neutral His84 and protonated γ-phosphate may have an energy similar to that of the resting state discussed above. In ref 13 , PT from His84 to the γ-phosphate was predicted to be ∼5 kcal/mol uphill and the overall barrier for the proposed mechanism was predicted to be 25.1 kcal/mol, which is not particularly close to the experimental free energy barrier of 14 kcal/mol for the hydrolysis reaction on the ribosome. 3, 11 We first used regular FEP calculations as described in ref 10 to evaluate the energetics of the state with protonated GTP 3− and neutral His84 compared to the resting state with GTP 4− and biprotonated histidine. These calculations yielded a ΔG PT value of 3.5 ± 0.4 kcal/mol for PT from His84 to the γ-phosphate on the ribosome using pK a values of 6.7 and 6.5 for GTP and histidine, respectively, for the corresponding reference simulation in water. This value is, in fact, well in line with our earlier prediction that the His84 pK a is increased to ∼9. 10 It also shows that the three possible charge states discussed above in the context of the crystal structures are all rather similar in energy with the OH − /GTP 3− and His84°/GTP 3− states both being only 3−4 kcal/mol above the His84 + /GTP 4− resting state. The MD/EVB calculations for the subsequent general basecatalyzed step (path vii), in which neutral water attacks the γ-phosphate monoanion and His84 abstracts one of the water protons, yield a free energy barrier of 27 kcal/mol for the concerted variant of this mechanism (Figure 4g ). It should be noted here that the general base step is actually predicted here to be anticatalytic because the estimate for the corresponding uncatalyzed barrier is 24 kcal/mol compared to 27 kcal/mol for attack on the γ-phosphate dianion. 12, 33 Because the overall barrier for the concerted general base mechanism also includes the free energy cost of PT from His84 to the γ-phosphate (3.5 kcal/mol), the resulting barrier is predicted to be >30 kcal/mol. There is thus no indication from our simulations that this mechanism could be operational on the ribosome. However, it should be noted that the stepwise version of this mechanism, in which neutral His84 abstracts the water proton prior to the nucleophilic attack on the protonated γ-phosphate, becomes equivalent to the hydroxide mechanism (Figure 4h) .
Predicted Effects of EF-Tu Mutations and Monovalent Ions. It was recently suggested that a monovalent cation (presumably K + ) coordinated between the α-and γ-phosphate groups could provide a catalytic function in the translational GTPases similar to that of the "arginine finger" in the RasRasGAP system. 14 This proposal was based on crystal structures of complexes of GTP with eIF5B and aEF1A, which are eukaryotic and archaeal orthologs of IF2 and EF-Tu, respectively. These structures clearly show a monovalent cation bound between the phosphate groups and also coordinated by the conserved aspartate corresponding to Asp21 in EF-Tu. It was suggested that such a monovalent cation would also play an essential catalytic role on the ribosome and that the reason it had not been discovered earlier is that GTP analogues, such as GDPNP and GDPCP, do not allow the proper coordination to be formed.
14 It should be noted, however, that these crystal structures do not represent ribosome-bound complexes and His84 is flipped out into its inactive conformation.
We therefore conducted a number of simulations, including a K + ion initially placed at the observed position, and the results from these calculations can be summarized as follows. First, as soon as His84 is positively charged and placed in its active conformation, this ion is apparently easily exchanged for a water molecule and is observed to move during MD simulations, typically to a position where it interacts with only the α-phosphate and is not strongly bound. Accordingly, the MD/ EVB calculations show essentially no effect of the ion on any of the mechanisms described above that have His84 positively charged. The main reason for why the K + ion position becomes less stable in the ribosome complex is the presence of both the biprotonated His84 in its active conformation and the Mg 2+ ion observed between Asp21 and the phosphate group of A2662 of the SRL, 5, 6 which neutralize the overall charge in the active site (see above). Second, if His84 is uncharged, the K + position observed in the free GTP-bound factors 14 is stable also on the ribosome, but it is not predicted to provide any additional catalytic effect.
For the most favorable pathway with neutral His84, namely the concerted water attack discussed above (path iii), the activation free energy actually increases from 20 to 22 kcal/mol with the ion present. This slightly anticatalytic effect becomes more pronounced for the stepwise dissociative path, which reflects the fact that the K + ion remains coordinated to the α-and β-phosphates, thereby partly sacrificing its interaction with the γ-phosphate in the transition state (Figure 6b) . Thus, the greater the separation between the β-and γ-phosphates in the transition state, the more difficult it is for the ion to bridge all the way between the α-and γ-phosphate groups. This is actually rather different from the arginine finger in RasGAP, which can more easily bridge between the α-and γ-phosphates. 41 Hence, we can conclude that while a GTP-bound monovalent ion may have an effect on the intrinsic GTPase activity of EF-Tu, there appears to be no catalytic advantage of this ion on the ribosome. These results also agree with recent data from Rodnina and co-workers, who found no dependence on monovalent ion concentration of the GTP hydrolysis rate on the ribosome.
11
Among the EF-Tu mutations recently analyzed experimentally in detail by Rodnina and co-workers, 3, 11 two are particularly interesting as they retain significant but considerably reduced GTPase activity despite major side chain substitutions. These are, first, the H84Q mutation, which replaces the presumably positively charged His84 side chain with a neutral polar residue, and, second, the D21A mutation, which removes a negative charge near the β-and γ-phosphate groups (Figure 1a) . For the H84Q case, our earlier calculations showed that the glutamine residue strongly destabilizes a mechanism involving a hydroxide ion, as was also found to be case with the H84A mutation. 10 However, the results from these MD/EVB simulations show that the H84Q mutant can indeed provide significant stabilization of a fully concerted TS in which there is less negative charge development on the water nucleophile (path iii). Hence, the predicted activation barrier of H84Q for this concerted mechanism is 20 kcal/mol (Table 1) . It can be noted that this free energy barrier is very similar to that obtained for the concerted mechanism with the native His84 side chain in its neutral form. It thus appears that the H84Q mutant retains some activity because it is able to change the mechanism toward a concerted one (Figure 6c ) that does not involve strong negative charge development on the nucleophile. The quantitative effect of this mutation of 5.2 kcal/mol on the overall barrier compared to that of the hydroxide mechanism is also in good agreement with the value of 5 kcal/mol estimated by Rodnina and co-workers.
The residue corresponding to Asp21 in EF-Tu is strictly conserved in the bacterial trGTPases, while the equivalent position in Ras is a glycine; the arginine finger of RasGAP is instead located close to the Asp21 position in EF-Tu. 41 Together with the fact that His84 corresponds to a glutamine in Ras, this situation indicates that there are fundamental differences between the two types of GTPases that likely also pertain to mechanistic aspects. In fact, from an electrostatic point of view, the presence of the negatively charged Asp21 as well as the positively charged His84 would clearly seem to facilitate movement of negative charge from left to right in Figure 1 . If so, the D21A mutation should logically destabilize PT from the catalytic water molecule to the γ-phosphate. This is precisely what the present simulations show, and the cost of forming the hydroxide ion with D21A is predicted to increase to from 4 to 9 kcal/mol. Hence, the main effect of the mutation is to destabilize the proton transfer reaction, while the subsequent nucleophilic attack (path i), in contrast, is found to be much less affected with a calculated free energy barrier of 10 kcal/mol. The overall effect of D21A on the hydroxide mechanism is thus predicted to be ∼5 kcal/mol (Table 1) , which is in good agreement with the experimental results.
11 However, there is also the possibility that removal of the Asp21 negative charge ∼6 Å from His84 may lower the pK a of the histidine so that it becomes singly protonated. To examine this possibility, we also conducted simulations of the D21A mutant with a neutral His84 and the corresponding favored concerted hydrolysis mechanism (path iii). Interestingly, these calculations show that there is no effect of the mutation and the activation barrier is again 20 kcal/mol, just as for wild-type EF-Tu with a neutral His84 (Table 1) . However, the fact that the barriers for D21A are predicted to be very similar for the hydroxide mechanism with charged His84 (path i) and the fully concerted pathway (iii) with the neutral histidine would indicate that both alternatives may be accessible. This hypothesis actually seems to be supported by the finding that D21A shows a moderate pH dependence with a slope of 0. 5, 11 which is what would be expected if the concerted mechanism with neutral His84 is partly responsible for the observed activity.
■ DISCUSSION
The results of our extensive free energy calculations on different possible GTP hydrolysis mechanisms of EF-Tu on the ribosome reveal a number of key features responsible for the overall catalytic effect. First, the most favorable reaction path (i) requires that His84 be doubly protonated and involves stabilization of negative charge development on the water nucleophile as a major part of the catalytic effect. Second, this effect is predominantly achieved both by the His84 side chain and by the backbone of the universally conserved PGH motif (for a comparison of the recent ribosome-bound EF-G structures, see also ref 42) . In addition to these interactions, the effect of Asp21 is also to favor movement of one negative charge toward His84, while that of Lys24 is to eventually stabilize the final double negative charge on the β-phosphate. This situation is illustrated by the interaction energetics of key catalytic groups shown in Figure 5 . There it can be seen that in the TS both His84 and the PGH backbone act to "pull" at the γ-phosphate negative charge, while Asp21 acts as to "push" it in the same direction. This is actually to some extent resisted by Lys24, which shows a destabilizing contribution in the TS ( Figure 5 ). However, after inversion at the phosphorus atom has occurred and the second negative charge has migrated further toward the β-phosphate, Lys24 exerts its stabilization of the product configuration. The directionality of charge movement during the hydrolysis reaction is essentially built into the reaction center of the activated conformation both by the location of charged groups (Figure 1 ) and by the conformation of the backbone of the PGH motif. It is particularly noteworthy here that the catalytic conformation of the PGH backbone was predicted by our earlier simulations and has now been confirmed experimentally (Figure 2a) . We suspect that other calculations on this system may suffer from using an incorrect conformation of the PGH backbone, which may explain why they obtained overly high activation barriers. 12, 13 Unfortunately, it is somewhat difficult to make detailed comparisons with these works because they provide minimal structural information. Our results for the concerted neutral water attack (path iii) are, in fact, rather similar to those of ref 12 , in which an activation barrier of 18 kcal/mol was obtained. However, in addition to the calculated barriers being too high, the fact that both our results ( Table 1) and those of ref 12 show no effect of the H84Q mutation on this type of mechanism clearly speaks against it. In a subsequent study, Prasad et al. 40 suggested that the involvement of an extra water molecule in the reaction may further reduce the activation energy, and they also examined the hydroxide mechanism in which a barrier of 18 kcal/mol was predicted. However, those calculations were again based on the suboptimal EF-Tu structure, and in this respect, it should be emphasized that the PGH backbone conformation has the largest effect precisely on the hydroxide type of mechanism. This is because there is then significant negative charge development on the nucleophile. For neutral water attack, on the other hand, the PGH conformation is likely to be less important. Moreover, the crystal structures give no support to the notion that there is room for two water molecules between His84 and the γ-phosphate. 5, 6 With regard to the excellent recent experimental investigation of GTP hydrolysis by EF-Tu by Rodnina and co-workers, 11 a number of interesting connections can be made. First, in line with the observation that there is no significant kinetic solvent isotope effect on the ribosome reaction, 11 neither the present EVB simulations nor those of Warshel and co-workers 10, 40 indicate that proton transfers are rate-limiting for the hydrolysis reaction. Second, our simulations show no catalytic advantage of a monovalent cation located between the α-and γ-phosphates. This is in agreement with the lack of GTP hydrolysis rate dependence on K + ion concentration found experimentally. 11 Instead, a plausible scenario is that such an ion is indeed present in the GTP complexes with the trGTPases before they are activated on the ribosome, and partly responsible for their intrinsic activity, but that this ion is then exchanged when the protonated His84 moves into its active conformation close to the γ-phosphate. Third, with regard to the different mutations studied, we find that the H84Q mutant is likely to cause a change in the reaction mechanism toward the neutral concerted water attack where it is predicted to yield a free energy barrier of 20 kcal/mol. This value is, in fact, in good agreement with the experimentally observed effect.
11 The same H84Q mutant is, however, predicted to make the hydroxide mechanism completely inaccessible as it destroys stabilization of charge development on the nucleophile. 10 Curiously, both ref 12 and ref 13 predicted the H84Q mutant to be faster than wild-type EF-Tu, which contradicts the experiments.
Finally, the D21A mutation seems to leave two different mechanistic options open. That is, with the hydroxide mechanism, a distinct destabilization of negative charge development on the nucleophile is predicted for the mutant. This is completely in line with the Asp21 effect discussed above, namely that it exerts a "push" of negative charge toward His84, and the loss of this push leads to a destabilization of the hydroxide ion state relative to the reactant state. The overall effect predicted for D21A on this type of mechanism is to increase the activation barrier to ∼19 kcal/mol. However, the second option is that removal of the Asp21 negative charge could cause the His84 pK a to decrease to a more normal value, thereby rendering the histidine side chain neutral. In that case, the free energy barrier predicted by our simulations becomes 20 kcal/mol, but now for the concerted neutral water attack mechanism. Both these values are in agreement with the experimentally observed effect, and it is therefore difficult to distinguish between them. However, the appearance of a significant pH dependence for the D21A mutant 11 may indicate that the latter type of mechanism is at least partly at play.
A general conclusion from our MD/EVB simulations of both wild-type and mutant versions of EF-Tu on the ribosome is that the GTP hydrolysis mechanism and rate are largely governed by the electrostatics of the reaction center. Here, the charges in the active site are perfectly balanced, as it were. Both ionized residues of EF-Tu and key Mg 2+ ions observed in the crystal structures 5, 6 make the reaction site overall neutral ( Figure 1 ). Together with the strong dipole of the PGH backbone conformation, 5,6,10 the net effect is an electrostatic driving force for the reaction that leads to significant stabilization of the transition state. While it can be seen from these simulations that several different types of transition states are actually stabilized, to different extents, by the reaction center, it is clear from the calculations that negative charge development on the nucleophile is strongly favored. Hence, even though the hydroxide type of mechanism for GTP hydrolysis may not be viable in solution, 43 it is evident that the activated conformation of EF-Tu on the ribosome may favor such a reaction path.
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